Abstract. TITAN (TRIUMF's Ion Trap for Atomic and Nuclear science) at TRIUMF's rare isotope beam facility ISAC is an advanced Penning trap based mass spectrometer dedicated to precise and accurate mass determinations. An overview of TITAN, the measurement technique and a highlight of recent mass measurements of the short-lived nuclides important to the nuclear structure program at TITAN are presented.
Introduction
Accurate and precise mass values of atomic nuclides are important for many disciplines in physics including the study of nuclear structure [1] , the study of the production of elements in stellar nucleosynthesis [2] , and the test of fundamental symmetries, such as the conserved vector current (CVC) hypothesis in super allowed β decays [3] . However, the required relative uncertainty of the mass depends on the physics under investigation and generally varies from δm/m = 10 −6 to 10 −11 [4] . Today Penning traps are widely accepted as the most accurate tool for high-precision mass spectrometry of atomic nuclides [5] . The coupling of Penning traps to rare-isotope-beam facilities has revolutionized the field of mass spectrometry of exotic nuclides. Presently, the operational Penning traps for mass measurements of exotic nuclides are ISOLTRAP [6] , CPT [7] , JYFLTRAP [8] , SHIPTRAP [9] , LEBIT [10] , TRIGA-SPEC [11] , and TITAN [12] . The TITAN Penning trap mass spectrometer is coupled to the rare-isotope-beam facility ISAC [13] Figure 1 . TITAN experimental setup and the ion-beam direction of singly-charged ions (SCI) and highly-charged ions (HCI).
at TRIUMF and provides unique capabilities for precision mass measurement of short-lived nuclides as was demonstrated by the measurement of 11 Li (t 1/2 = 8.8 ms) [14, 15] . Another unique feature of the TITAN experiment is the use of highly-charged short-lived ions, which provides an improvement in experimental precision for the mass measurement [16, 17] . During the recent years TITAN has provided accurate and precise mass values of atomic nuclides to study nuclear structure [14, [18] [19] [20] [21] [22] [23] [24] [25] , nuclear astrophysics [26] , the weak interaction [17] , and neutrino physics [27] .
TITAN experimental setup for precision mass measurements
The short-lived ions delivered from ISAC [13] or the stable ions delivered from an off-line ion source are transported to the helium gas-filled radio-frequency quadrupole (RFQ) cooler and buncher [28] (see figure 1) . The ions are cooled, accumulated and then extracted as a low-emittance bunched beam. The ion-bunch is sent either directly to the measurement Penning trap (MPET) for mass measurement using singly-charged ions, or deflected towards the EBIT [29] for charge breeding and consequently sent to the MPET for mass measurement using highly-charged ions. A Bradbury-Nielsen gate [30] for selecting a specific mass-to-charge ratio prior to the injection into the MPET is employed. The cyclotron frequency of the trapped ion in the Penning trap is measured by a time-of-flight ion-cyclotron-resonance (TOF-ICR) detection method [31] . The ion-cyclotron frequency is obtained from the individual TOF resonance. Figure 2 shows an example of the TOF resonance of short-lived 31 Mg +1 ion. The mass of an ion can be determined by measuring the ion cyclotron frequency
of the ion trapped in the Penning trap, where B is the magnetic field strength of the Penning trap, and q/m ion is the charge-to-mass ratio of the ion. Figure 2 . Average time-of-flight of singly-charged 31 Mg + ions as a function of the excitation frequency applied in the precision Penning trap for an excitation time of 97 ms. The solid line represents a fit of the expected resonance curve to the data points [31] . For a TOF resonance, the relative statistical uncertainty of the experimentally determined cyclotron frequency can be described by the following relation [32] :
Here, n is the total number of detected ions, T RF is the duration of the quadrupole excitation in the Penning trap, ν c is the cyclotron frequency and c is an empirical factor depending on specifics of the trap, extraction path, and measurement settings. According to equations (1) and (2), the precision of the Penning trap mass spectrometer increases with increasing quadrupole excitation time, number of ions recorded in a resonance, magnetic field strength, and charge state of the ion. Employing the EBIT charge-breeder, TITAN is capable of boosting the measurement precision by measuring highlycharged ions. The number of recorded ions n is limited by the production yield of exotic ions and the available experimental time, and the applied quadrupolar excitation time T RF is limited by the half-life of the isotope. During a recent investigation the parameter c of equation (2) was determined by the cyclotron-frequency measurements of singly-charged 16 O 2 +1 ions. The T RF was chosen to be between 18 ms and 997 ms. The result of these measurements is shown in figure 3 . The average value
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02030-p.3 of c from this investigation was found to be 0.99 (9) , which is comparable to the value of c = 0.898 (8) obtained from a series of cyclotron frequency measurements of singly-charged 85 Rb ions conducted at ISOLTRAP [33] .
Recent measurements for nuclear structure studies
The nuclear structure program at TITAN has focussed on three distinct areas of the nuclear chart (figure 4): neutron-rich light nuclides, neutron-rich Ca and K nuclides, and the island of inversion nuclides around 32 Mg. The related mass measurements of short-lived nuclides conducted at TITAN are summarized below.
Light neutron-rich nuclides (neutron-halos)
The properties of light halo nuclides provide stringent tests for nuclear models. High-precision mass measurements of such nuclides serve as valuable benchmarks for nuclear structure theory as the mass is relevant for two independent parameters, the two-neutron separation energy (S 2n ) and the charge radius. TITAN was able to provide accurate and precise mass values for light nuclear system including one-neutron halo nuclides 11, 12 Be, two-neutron halo nuclides 6 He and 11 Li, and the four-neutron halo nuclide 8 He. Note that 12 Be is not a halo in ground state, but its long-lived 0 + 2 state shows a neutron halo-like structure [34] . The mass values of 6, 8 He [18, 19] and 11 Li [14] were critically relevant for the determination of the halo charge-radius of the respective nuclides [35] [36] [37] . The first direct mass measurement of 6 He along with a precise mass value for 8 He provided stringent tests for three-body forces in an extreme neutron-rich system [19] . TITAN mass measurements of 9−11 Be removed atomic mass uncertainties as significant sources of error in determining the relative nuclear charge radius from the isotope shift [20] . The mass measurement of 12 Be [21] performed at TITAN contributed to the charge radius determination of 12 Be [38] , and to a test of isobaric multiplet mass equation (IMME) [39] .
Neutron-rich K and Ca nuclides
Direct mass measurements of neutron-rich 44,47−51 K and 49−52 Ca isotopes [24, 25] have been carried out with the TITAN Penning trap to gain insight into a predicted shell closure around N = 34. The newly measured 49 K mass value increases the neutron-shell gap energy at N = 28 by approximately 1 MeV [24] from the shell gap energy calculated from the mass values in previous atomic mass evaluation [40] . Also, the masses of 51, 52 Ca show an increase in binding energy [25] . The mass of 52 Ca was found to be more bound by 1.74 MeV compared to [40] . Recent calculation based on threenucleon (3N) forces [41] predicted an increased binding around N = 32. The two-neutron separation energies (S 2n ) obtained from the TITAN mass measurements remarkably agree with the S 2n predicted from the improved theoretical calculation that include 3N forces. This emphasizes the importance of accurate and precise Penning trap mass measurements to test the predictive power of theory, which was also confirmed by multi-reflection TOF mass measurements by ISOLTRAP [42] .
Island of inversion nuclides
The disappearance of the traditional neutron magic number N=20, a case of shell quenching, remains at the center of experimental and theoretical nuclear physics. In a recent experiment at TITAN, highprecision mass measurements of short-lived 30 have been carried out. Among all on-line Penning trap mass spectrometers currently in operation, TITAN is the only facility capable of performing such high-precision mass measurements on very short half-lived isotopes. The new mass measurements of island of inversion nuclides 32, 34 Mg and 31 Na provided direct evidence of the extinction of N=20 neutron-shell closure around Z = 12 and a break-down of the established nuclear shell model in this region from ground state properties [43] .
